by Ni(II), Cd(II), Co(II) and As(III). Various steps of the repair Since some toxic metals have high affinities for -SH process can be affected and various mechanisms of action groups, we used the bacterial formamidopyrimidine-DNA have been identified. All metals reduce the frequency of glycosylase (Fpg protein) and the mammalian XPA protein incision events; in the case of Cd(II) and Ni(II), DNAas models to investigate whether zinc finger structures in protein interactions involved in DNA damage recognition DNA repair enzymes are particularly sensitive to carcinoare diminished (2). In addition, Co(II) interferes with the genic and/or toxic metal compounds. Concentrations of polymerization step and As(III) with the ligation step (2).
(37%) were from Merck (Darmstadt, Germany). The Fpg protein was kindly Almost nothing is known about the interaction of toxic given by Dr Serge Boiteux, France. been conducted. Therefore, in the present study we used the was amplified in Alteromonas espejiana by adding 10 10 phages to each 1 l of bacterial Fpg protein and the mammalian XPA protein as bacterial suspension (OD 600 nm ϭ 0.6). After full lysis of the bacteria, PM2 phages were precipitated for ജ18 h with polyethylene glycol (43 g/l suspension) models for zinc finger repair proteins and examined their and sodium dextran sulfate (2.36 g/l suspension) at 4°C on ice. The sediment activity in the presence of Cd(II), Ni(II), Co(II), Cu(II), Pb(II), was resolved and washed in 2 vols NTC buffer (1 M NaCl, 16 mM TrisHg(II) or As(III).
HCl, 10 mM CaCl 2 , pH 7.5). To remove bacterial cell remains, the sediment Fpg is a glycosylase initiating base excision repair in was homogenized twice with 30 ml NTC using a Potter homogenisator and centrifuged for 20 min at 12 000ϫg. Subsequently, the supernatant containing Escherichia coli. It recognizes and removes 7,8-dihydro-8-the PM2 phages was centrifuged for 3 h at 30 000ϫg. The pellets were oxoguanine (8-oxoguanine), the imidazole ring-opened purines homogenized again in 20 ml NTC buffer before the addition of 0.39 g CsCl 2 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-Gua) per ml, resulting in a solution density of 1.27-1.29 g/ml. After centrifugation and 4,6-diamino-5-formamidopyrimidine (Fapy-Ade) as well for ജ12 h at 35 000ϫg, PM2 phages appeared as a dense, opal-coloured band as small amounts of 7,8-dihydro-8-oxoadenine (8-oxoadenine).
in the upper third of the gradient. The phage fraction was removed using a syringe, loaded on to an agarose column and eluted with NTC buffer. The Among these DNA base modifications, 8-oxoguanine has the DNA was isolated by phenol-chloroform extraction in the presence of 1% highest affinity and, due to its mutagenic potential, is also sodium dodecyl sulfate in the first step. After precipitation with ethanol/ believed to be the biologically most relevant substrate. Fpg 125 mM sodium acetate, PM2 DNA was dissolved and stored in buffer combines the function of a glycosylase, an AP-lyase and a containing 100 mM NaCl, 20 mM Tris-HCl, 1 mM EDTA, pH 7.5. DNA prepared by this procedure retained~90% supercoiled molecules. Linear DNA 5Ј-terminal deoxyribose phosphate-excising activity, thus confragments were not detected.
verting the DNA base damage into single-strand breaks (11,12).
Induction of DNA damage
DNA binding is mediated by a single zinc finger domain in PM2 DNA (20 µg/ml) dissolved in enzyme buffer (50 mM sodium phosphate the C-terminal region, where zinc is complexed by four buffer, 100 mM NaCl, pH 7.5) was oxidatively damaged by addition of the cysteines (Cys244, Cys247, Cys264 and Cys267). Substitution complexed by Cys105, Cys108, Cys126 and Cys129 (21).
Substitution of any of these cysteines leads to a severe reduction in NER activity (22) .
where N is the number of strand breaks/molecule PM2, I is the percentage of supercoiled PM2 DNA and II is the percentage of open circular PM2 DNA. The overall number of strand breaks per 10 000 base pairs represents the sum
Materials and methods
of single-strand breaks and incisions generated by the repair enzyme.
Materials
Isolation and DNA binding activity of XPA Recombinant mouse XPA protein was purified as described previously (18,25). 5-Bromo-4-chloro-3-indolyl-phosphate (X-phosphate), nitroblue tetrazolium chloride (NBT), anti-digoxigenin-Fab fragments and the blocking reagent
The DNA-binding activity of the XPA protein was determined by gel mobility shift experiments using a digoxygenin end-labelled synthetic oligonucleotide were from Boehringer (Mannheim, Germany). Ethidium bromide, sodium chloride, xylene cyanol FF, cupric(II) sulfate, sodium(meta) arsenite, cad-(70 bp; MWG Biotech, Ebersberg, Germany) with the following sequence together with its complementary strand: 5Ј-ATATGTGCACATGGCGCACmium(II) chloride and HEPES were purchased from Fluka Chemie (Buchs, Germany). Ficoll 400 and dextran sulfate came from Pharmacia (Uppsala, GTATGTATCTATAGTCTGCCATCACGCCAGTCAATCGCTGTGGTATAT-GCA-3Ј. Sweden). Maleic acid, Tween 20, dithiothreitol (DTT), TEMED, glycerol (99%) and acrylamide-bisacrylamide solution (37.5:1; 40%) were obtained XPA (500 ng) was pretreated with metal compounds where indicated in a gel shift buffer (final concentration: 25 mM HEPES-KOH, 10% glycerol, from Serva (Heidelberg, Germany) and Trizma base, polyethylene glycol 6000, potassium chloride and bovine serum albumin (BSA) from Sigma-30 mM KCl, 4 mM MgCl 2 , 1 mM EDTA, 45 µg/ml BSA, 0.9 mM DTT, pH 8.3) for 15 min at room temperature. Afterwards, 240 fmol of the digoxigeninAldrich (Deisenhofen, Germany). Agarose type II and medium EEO were from Sigma Chemical Co. (St Louis, MO). All other chemicals, including labelled oligonucleotide either unirradiated or irradiated with 18 kJ/m 2 UVC (254 nm germicidal lamp; Bioblock Scientific, VL-6.C) were added for 30 min bromphenol blue, absolute ethanol, Na 2 HPO 4 , NaH 2 PO 4 ·xH 2 O, methylene blue, magnesium(II) chloride, sodium acetate, boric acid, EDTA, mercury (II) at room temperature in the dark. The binding mixture was loaded on a 5% polyacrylamide gel (37.5 acrylamide:1.0 bisacrylamide; 45 mM Tris-HCl, chloride, nickel(II) chloride, cobalt(II) chloride, lead(II) acetate, zinc(II) chloride, bromphenol blue-sodium salt, ammonium peroxodisulfate (APS) and HCl 45 mM boric acid, 1 mM EDTA, pH 8.0) and electrophoresis was conducted lesions. However, when the modified DNA was irradiated with Co(II), Hg(II), Pb(II) or As(III), only Cu(II) increased the basic rate of strand breaks in PM2 at concentrations of Ͼ10 µM.
at 90 V for 1.25 h. Southern blotting was done in a semi-dry electroblotting
None of the other metal compounds showed an effect at apparatus using a positively charged nylon membrane (Hybond-N ϩ ; Amerconcentrations of ഛ1 mM (data not shown).
sham, Braunschweig, Germany), followed by fixation for 1.5 h at 90°C. Digoxigenin-labelled oligonucleotide was detected colorimetrically by alkaline
In subsequent experiments, we used methylene blue-modi- 
Effect of metal compounds on the bacterial Fpg protein
With respect to arsenic, its retention in the trivalent form appears to be crucial (29) ; thus, the experiment has been A test system was first established to measure the activity of the Fpg protein in the absence and presence of toxic metal repeated in the presence of 1 or 5 mM β-mercaptoethanol. Again, no inhibition was observed (data not shown). compounds. We isolated and applied DNA from bacteriophage PM2, which consists of 10 kb and which was~90% preserved
In contrast, Cd(II), Cu(II) and Hg(II) inhibited the enzyme nearly completely. The lowest concentration of Cd(II) that was in its supercoiled form after isolation. Induction of DNA strand breaks, either directly or by incisions at sites of oxidative inhibitory was 50 µM, and at 1 mM there was only 3% of the activity in the control. Cu(II) decreased the enzyme activity to DNA base modifications by the Fpg protein, converts the supercoiled PM2 molecule into the open circular form; the 40% of control level at 5 µM and almost complete inhibition was observed at 10 µM. Of all the metals tested, Hg(II) had two forms were separated electrophoretically and the frequency of DNA strand breaks was determined as described in Materials the strongest inhibitory effect on the Fpg protein; complete inhibition of activity was seen at 50 nM Hg(II) (Figure 3) . and methods. The background level of DNA strand breaks after PM2 preparation did not exceed 0.15 breaks/10 000 bp To find out whether this inhibition was due to displacement of zinc in the zinc finger structure, we tested whether simultan-(mean 0.12 Ϯ 0.02 breaks/10 000 bp). Values for Fpg-sensitive sites in undamaged DNA were Ͻ0.07 breaks/10 000 bp (mean eous or subsequent incubation with Zn(II) would prevent the enzyme from being inhibited. Zn(II) alone did not modulate 0.05 Ϯ 0.016 breaks/10 000 bp). To test the activity of the Fpg protein on an oxidatively damaged template, PM2 DNA the enzyme activity at concentrations up to 1 mM (data not shown). With respect to the effect of Cd(II), after simultaneous was modified with methylene blue plus visible light, which has been shown to yield 8-oxoguanine (26) and small amounts incubation with equimolar concentrations of Cd(II) and Zn(II) the inhibition was less pronounced, giving~60% of the control of Fapy-Gua (12), presumably due to the generation of singlet oxygen. The result is shown in Figure 1 . Treatment of the enzyme activity, with no further increase seen at 500 µM Zn(II). However, when the Fpg protein was incubated with DNA with methylene blue in the absence of visible light only slightly increased the frequency of these two types of DNA Cd(II) before the addition of Zn(II), no reversal of inactivation was observed ( Figure 4A ). Regarding Cu(II), the simultaneous incubation with an equimolar concentration of Zn(II) had no effect, but the enzyme activity was restored to~40% at 100 and 500 µM Zn(II). When the enzyme was incubated with Cu(II) before adding Zn(II), no substantial reversal of inhibition took place ( Figure 4B ). In contrast to the results obtained with Cd(II) and Cu(II), inhibition by Hg(II) was not affected by simultaneous treatment with Zn(II) (data not shown).
To elucidate further the involvement of -SH groups in enzyme inactivation by the metal ions, we investigated whether increasing concentrations of reduced glutathione during the last 15 min of metal treatment would alter the degree of enzyme inhibition by Cd(II), Cu(II) or Hg(II). As demonstrated in Figure 5 , the reversal of enzyme inhibition was most pronounced in the case of Hg(II), where an equimolar concen- concentration led to a complete reversal of enzyme inhibition. In contrast, even a 1000-fold excess of glutathione had no effect on the enzyme inhibition by Cu(II).
Effect of metal compounds on the mammalian XPA protein
The activity of the XPA protein was investigated by its ability to bind to an undamaged or UVC-damaged oligonucleotide by gel mobility shift analysis. In the absence of toxic metal compounds, XPA bound to both oligonucleotides. Only with small amounts of XPA (ഛ300 ng), a moderately preferential binding to damaged DNA was observed. At higher concentrations, no difference was seen between the damaged and undamaged oligonucleotide, which is in agreement with results obtained by Wakasugi and Sancar (19). Due to the sharper band obtained with 500 ng XPA, this amount was used for the subsequent experiments, and both specific and non-specific binding of XPA in the presence of different toxic metal ions was analysed. However, no differences were observed between both oligonucleotides for any metal compound, so in the either Hg(II), Pb(II) or As(III) had no effect on the binding behaviour of XPA. To ensure that As(III) is present in its trivalent form and not complexed by DTT present in the gel shift buffer, the experiment was also performed with β-mercaptoethanol in the reaction mixture; again, no inhibitory effect was observed (data not shown).
In contrast, Cd(II), Co(II), Cu(II) and Ni(II) diminished the binding activity of XPA to the UVC-damaged oligonucleotide (Figure 7) . The strongest effect was seen with Co(II): the binding started to decrease at 50 µM and was completely inhibited at 200 µM. In the case of Cd(II), the shape of the band started to fade at 100 µM ( Figure 7A) ; pronounced, almost complete inhibition was seen at 200 µM. At 200 µM Cu(II) and Ni(II), 40% and 90% residual binding activities tions required for inhibition and their characteristics in competiachieve 90% binding activity. Regarding Co(II) and Ni(II), a tion experiments. The strongest inhibition was observed in the 5-fold or 3.3-fold excess, respectively, was needed for partial presence of Hg(II), followed by Cu(II) and Cd(II). With respect XPA binding; at 2 mM Zn(II), DNA binding of XPA was to Cd(II), the enzyme activity was inhibited at ജ50 µM. completely restored (Figure 8 ). In the case of Cu(II), no This inhibition was partly prevented when simultaneously significant change in XPA inhibition was seen after simultanincubating with equimolar concentrations of Zn(II), suggesting eous treatment with Cu(II) and Zn(II) as compared with Cu(II) that competition between these elements is important. However, alone; only at 2 mM Zn(II) plus 200 µM Cu(II) was a slight when the enzyme was preincubated with Cd(II), the inhibition increase in XPA binding activity, from 40% to 59%, observed could not be reversed by addition of a 5-fold excess of Zn(II), (data not shown).
indicating that Cd(II) is complexed with a higher affinity than Zn(II). Partial reversibility was also observed when adding Discussion equimolar concentrations of glutathione and complete reactivation occurred at a 10-fold molar excess of glutathione, sugThe results presented in this study illustrate for the first time that zinc finger DNA repair proteins may be inactivated by gesting that Cd(II) is complexed to glutathione with similar strength as in the zinc finger structure. In the case of Cu(II), toxic metals like Cd(II), Hg(II), Co(II), Cu(II) and Ni(II), but the effects depend strongly on the actual repair factor pronounced inhibition was observed at ജ5 µM, which was inhibition by toxic metals was observed. (34, 35) . Structural investigations by different spectroscopic methods revealed a tetrahedral coordination of all three metal ions with How do these data compare with those from metal competition studies derived from zinc finger transcription factors? be excluded, however, that other mechanisms account for the copper-induced enzyme inhibition. Copper catalyses the There are several different types of zinc finger, characterized by the nature and spacing of their zinc-chelating residues. formation of reactive oxygen species and thus the oxidation of cellular macromolecules. Even though, in our experiments, They include the classical zinc fingers Cys 2 His 2 found in TFIIIA or SP1 and the Cys 4 type present for example in the direct DNA damage by Cu(II) was only observed at concentrations of Ͼ10 µM, Cu(II) bound to specific sites on proteins oestrogen receptor. Even though clearly different, both types contain a β-hairpin and an α-helix folded around a zinc ion; may have greater prooxidative activity (30) , which could in turn lead to the oxidation of amino acids inside or outside the DNA contact is mediated by the α-helix with the major groove of the DNA (5). When investigating a synthetic 26 amino acid zinc finger (31) . Hg(II) inactivated the enzyme at concentrations of ജ10 nM, even in the presence of a 1000-fold excess of peptide based on the consensus sequence of 131 zinc finger Cys 2 His 2 domains [CP-1(Cys-Cys-His-His)], Krizek et al. (36) Zn(II). Yet, substantial reactivation was seen at equimolar concentrations of reduced glutathione, pointing towards the observed clearly preferential binding of Zn 2ϩ over first-row and second-row transition metals including Cd 2ϩ , as would involvement of -SH groups in enzyme inhibition. Several explanations could account for this observation. First, the main be predicted from ligand field stabilization in a tetrahedral environment and from hard-soft acid-base effects. However, target for Hg(II) may not be Zn(II) in the zinc finger structure but rather -SH groups in amino acids outside the zinc finger when the two histidines were changed to cysteines [CP-1(Cys-Cys-Cys-Cys)], the affinity for Cd 2ϩ was increased structure. However, if there were other -SH groups outside the zinc finger readily accessible to metal ions, Pb(II) would dramatically by five orders of magnitude, resulting in a preferential binding of Cd 2ϩ over Zn 2ϩ . Yet, metal exchange be expected to inhibit the enzyme as well. Taking into account the displacement of zinc by mercury shown before (10), one reactions in naturally occurring zinc finger proteins appear to be more complex and difficult to predict. With respect to the other possible explanation consists in an extremely high affinity of Hg(II) for the zinc finger structure where Zn(II) is not able Cys 2 His 2 type, Cd(II) has a lower affinity for apoTFIIIA than Zn(II) (37); nonetheless, it prevented DNA binding of TFIIIA to compete. The observation that glutathione can reverse the inhibition may be explained by the fact that it has extremely at concentrations of ജ0.1 µM (9). Both zinc finger repair proteins applied in the present study belong to the Cys 4 type; high affinities for Hg(II) as well. Thus, the apparent dissociation constants were found to be in the order of 10 -42 for Hg(GS) 2 in agreement with the model studies reported above, both were inhibited by Cd(II), but-depending on the enzyme under and 10 -44 for Hg(RS) 2 in complex with cysteine (32). Altogether, with respect to the three inhibitory metal compounds, investigation-also by other metals. With respect to Cd(II) and Cu(II), the inhibition resembles results reported by Predki and our data agree with the displacement of 65 Zn(II) observed previously (10) and the zinc finger appears to be the predominSarkar (7), who observed that both metals had higher affinities than Zn(II) did for the bovine oestrogen receptor, which is also ant target within the Fpg protein for these metal ions.
With regard to the XPA protein, a different pattern of a Cys 4 -type zinc finger. However, in contrast to the results
